ABSTRACT: The leakage of urea, ammonium, dissolved organic nitrogen, and dissolved organic carbon from Zostera marina root-rhzomes during different porewater extractions was examined. In addition, the concentrations of these compounds were measured in root-rhizomes to estimate the potential leakage from root-rhizomes during sediment handling. The concentTations of ammonium, urea, and dissolved organic nitrogen in root-rhizomes were 22 to 51 times higher than the respective average porewater concentrations within the upper 5 cm of the sediment. Up to 70% of the compounds in question leaked from root-rhizomes during sediment handhng, with a resultant, up to 8-fold, increase in the respective porewater concentrations. The porewater concentrations of ammonium, urea, and dissolved organic nitrogen and carbon were on average overestimated by a factor of 2 within the upper 5 cm of the sediment due to leakage from root-rhizomes. Thus, it is recommended that roots and rhizomes are removed from the sediment before porewater extraction by conventional methods.
INTRODUCTION
Seagrasses can have a large impact on pools and processes in the sediment, and there have been numerous studies on nitrogen and carbon pools and turnover rates in seagrass vegetated sediments (e.g. Iizumi et al. 1982 , Short 1983 , Boon 1986 , Blackburn et al. 1994 . Seagrass roots and rhizomes have been demonstrated to excrete oxygen (Sand-Jensen et al. 1982 , Smith et al. 1984 ) and dissolved organic compounds (Wetzel & Penhale 1979 , Moriarty et al. 1986 ), which may affect pools and processes in the sediment (Caffrey & Kemp 1990 , Pollard & Moriarty 1991 , O'Donohue et al. 1991 , Welsh et al. 1997 , Blaabjerg et al. 1998 . The potential leakage of dissolved compounds from root-rhizomes during sediment handling may cause experimental problems. In most studies 'Present address: National Environmental Research Institute, Vejlsavej 25, DK-8600 Silkeborg, Denmark. E-mail: jwh@dmu.dk root-rhizomes have not been removed before sediment handling, but the potential methodical problem was acknowledged by Caffrey & Kemp (1990) . They removed root-rhizomes from the sediment before nitrogen pools and transformation rates were measured to avoid uptake or leakage of anlmonium and dissolved organic carbon from root-rhizomes. Howes et al. (1985) and Hines et al. (1994) demonstrated that dissolved compounds leaked from roots of Spartina alterniflora, when porewater was obtained by centrifugation or sediment squeezing. Methods Like sipper and dialysis have been developed to obtain porewater with minimal sediment disturbance (Hesslein 1976 , Zimmermann et al. 1978 . However, sippers have the disadvantage that the depth interval of porewater collection is not well defined, and dialysis requires a long equilibration period, where the porewater may be oxidised (Howes et al. 1985 , Carignan et al. 1994 ). To our knowledge, there have not been any studies on solute leakage from seagrass root-rhizomes during sediment handling and the resultant effect on porewater concentrations.
The aim of the present study was to quantify the leakage of urea, NH,', dissolved organic nitrogen (DON), and dissolved organic carbon (DOC) from eelgrass Zostera marina root-rhizomes during conventional porewater extraction methods such as centrifugation with or without preceding KC1 extraction.
MATERIALS AND METHODS
Sampling and storage. Sediment cores with Zostera marina were sampled from an eelgrass bed in the cove Kal0 Vig, Jutland, Denmark in May and October 1994. The water depth was 1 m, the water temperature was 14"C, and the salinity was 2 2 %~ in both May and October. In October, the shoot density in the eelgrass bed was -1100 shoots m-'. The shoot density was not measured in May. The cores were submerged in aerated water from the sampling locality and transported back to the laboratory within 2 h after sampling. In the laboratory, the cores were kept at the in situ temperature and in a 14:10 h 1ight:dark cycle to recover from the sampling disturbances. The plants were stored for about 2 wk before the sediment was processed. During that time the plants were growing and looked healthy.
Processing. In May and October 1 core (4.6 cm i d . ) and 2 cores (9.4 cm i.d.), respectively, were sectioned into 1 cm depth intervals within the main root zone (0 to 5 cm). In each sediment section the root-rhizomes were removed by tweezers from one half of the sediment. The other half of the sediment was treated in a similar manner, but root-rhizomes were not removed. The sediment with root-rhizomes (sed+) and the sediment without root-rhizomes (sed-) were homogenised. In May, 4 cm3 of sed+ and sed-were extracted in 4 m1 of nitrogen free artificial seawater (ASW) for 30 min at room temperature. The slurry was centrifuged at 1300 X g for 6 min, and the supernatant was 0.2 pm (Sartorius) filtered and frozen for later analysis. In October, 6 cm3 of sed+ and sed-were extracted in 6 m1 1 M KC1 for 30 min at 0°C. The sediment-KC1 mixture was centrifuged at 1300 X g for 6 min, and the supernatant was 0.2 pm (Sartorius) filtered and frozen for later analysis. In addition, 20 cm3 of sed+ and sedwere centrifuged at 1300 X g for 6 min, and the supernatant was 0.2 pm (Sartorius) filtered and frozen for later analysis. Finally, porewater was obtained from 20 cm3 of sed+ and sed-by pneumatic squeezing through a 0.45 pm filter (Millipore) at 4 atm and frozen for later analysis. The sediment extractions with ASW or KC1 followed by centrifugation, the direct centrifugation and the pneumatic squeezing of sediment will in the following be referred to as ASW-CF, KCI-CF, CF and PS extractions, respectively. In October, the roots and rhizomes removed from each depth interval were separated, rinsed with ASW, crushed in a mortar and mixed with 50 m1 of ASW. The mixture was filtered through a Whatman GF/F filter, followed by filtration through a 0.2 pm (Sartorius) filter and frozen for later analysis. In May, plants from a core were carefully rinsed free of sediment and the roots were cut. The roots were processed as described for the root-rhizomes from October. All filters used in the experiments were rinsed with 5 m1 ASW before filtration. ASW (5 ml) or KC1 (5 ml) filtered through prerinsed filters were used as blanks. The sediment density was determined in each depth interval from the weight of triplicate 2 cm3 fresh sediment. The water content in sediment and root-rhizomes was determined as the weight loss of fresh sediment and root-rhizomes dried at 105°C to a constant weight.
Analysis. Urea, NH,', and NO3-were analysed on a Technicon autoanalyser after the methods described in Price & Harrison (1987 ), Bower & Holm-Hansen (1980 , and Technicon AutoAnalyser Industrial Methods, respectively. Total dissolved nitrogen (TDN) and DOC were analysed on an Antek 7000 system, which in principle was as described in Hansell et al. (1993) with the modifications described in Lomstein et al. (1998) . The concentration of DON was calculated as the concentration of TDN minus the concentration of NH,' + NO3-.
Calculations. The actual leakage of urea, NH4+, DON, and DOC from root-rhizomes was estimated from the difference in concentrations between sed+ and sed -:
where [sed+] and [sed-] were the concentrations (nM) of the solutes extracted from sediment with and without root-rhizomes, respectively, V, , was the volume (1) of porewater, and Vsed was the sediment volume (cm3) from which porewater was obtained. The potential leakage of urea, NH,', DON, and DOC from root-rhizomes was calculated from the following formulation:
Potential leakage (nmol cm-3) = Crt-rh X Vrt-rh Vsed where Crt.rh was the concentration (nM) of the solute in root-rhizomes, V,,.,, was the volume (1) of root-rhizomes, and V,,, was the sediment volume (cm3) from which root-rhizomes were removed. Accordingly, the ratio between the measured and the potential leakage was the fraction of the dissolved compounds In rootrhizomes which leaked during extraction. 
RESULTS AND DISCUSSION
The biomass of Zostera marina root-rhizomes within the upper 5 cm of the sediment was 189 and 263 g dw m-' in May and October, respectively, and the volume of root-rhizomes accounted for -2% of the sediment volume. Most of the root-rhizomes were within the upper 2 to 3 cm of the sediment with a maximum in the 0 to 1 cm depth strata in May and in the 1 to 2 cm depth Table 1 . Average concentrations of urea-N, NH,', DON, and DOC (mM) in Zostera marina root-rhizomes from the 0 to 5 cm depth interval. Values in pararentheses are SE of mean (n = 5, as measurements were made in each of the 5 depth strata). In May the 0 to 5 cm depth intewal was not sectioned and SE could not be calculated. nm: not measured Roots, May Roots, October 0.2 (0.1) 1.4 (0.3) 17 (3) 734 (138) Rhizomes, October 0.3 (0.1) 0.6 (0.2) 12 (2) 992 (306) strata in October (Fig. 1) . The difference in the profile of root-rhizomes between May and October was presumably due to the fact that the cores sampled in May were from a younger part of the eelgrass bed than in October. In October, rhizomes were present in all depths.
The average concentrations of urea, NH,', DON, and DOC in roots and rhizomes of Zostera marina were 0.2-0.5, 0.6-1.8, 12-17, and 734-992 mM, respectively (Table 1 ). The concentration of NH,' was significantly higher in roots than in rhizomes (p = 0.03). The concentrations of urea and NH,' in roots were higher in May than in October. This may have been due to consumption of stored nitrogen during the summer months where eelgrass growth reaches its maximum (Pedersen & Borum 1993 , Burke et al. 1996 . However, the difference in the root concentrations of urea and NH,' between May and October could also have been due to the fact that cores were sampled in different parts of the eelgrass bed in May and October, respectively. It is likely that the high concentration of DOC in root-rhizomes was due to stored carbohydrates. Similarly, Kraemer & Alberte (1995) and Burke et al. (1996) found high concentrations of sugars and starch in rootrhizomes of Z. marina.
The porewater concentrations of urea, NH,', DON, and DOC obtained by the ASW-CF and the CF extractions of sed-in May and October are shown in Fig. 2 . In October, the concentrations of urea, NH,', DON, and DOC in root-rhizomes were 31, 22, 51 and 276 times higher, respectively, than the respective average porewater concentrations in the upper 5 cm of the sediment. It was not possible to draw any conclusions on potential No3-leakage from root-rhizomes, as there were indications of NH4+ oxidation to NO3-during sediment handling. However, the effect of this oxidation on the NH4+ pool was neglectable as less than 5 % of the porewater NH4+ was oxidised during the sediment handling (data not shown).
Approximately 40, 50, 60, and 10 % of the contents of urea, NH4+, DON, and DOC, respectively, in root-rhizomes leaked during sediment handling ( Table 2 ). The relatively limited leakage of DOC may have been due to an overestimation of the DOC pool in root-rhizomes. The DOC content was measured on crushed root-rhizomes, which may have caused a dissolution of stored carbohydrates. The leakage of urea, NH,', DON and DOC from root-rhizomes to the sediment was within the same range in the ASW-CF, PS, CF and KC1-CF extractions. The relatively large standard errors on the average leakages were primarily due to the vertical variation in the biomass of root-rhizomes.
The ratios between sed+ and sed-porewater concentrations of urea, NH4+, DON, and DOC within the respectively. The sediment was extracted with ASW followed before sediment was extracted with ASW followed by cenby centrifugation (ASW-CF) or centrifuged (CF). The dashed trifugation (ASW-CF) or centrifuged (CF). The concentrations lines ind~cate a sed+/sed-ratio of 1 of DON and DOC are divided by 10 and 100, respectively tion) and October (CF extraction) are shown in Fig. 3 . The overestimation of upper 5 cm of sed+ were on average 1.2 to 2.9-fold higher than the respective concentrations in sed- (Table 3 ). The overestimation of porewater concentrations of NHde was lower, although not significantly (p > 0.05), in the KCl-CF than the other extractions. This was due to Kt exchange of NH,' from the sediment, which decreased the relative effect of NH,' leakage from root-rhizomes (data not shown). Leakage of dissolved inorganic and organic compounds from root-rhizomes during sediment handling may be a general problem in sediments vegetated with macrophytes. As a consequence, an overestimation of porewater concentrations of these compounds can be expected if root-rhizomes are not removed from the sediment before porewater extraction by conventional methods. Further, leakage of dissolved compounds from root-rhizomes during sediment incubations can potentially affect rate measurements.
